Abstract: Long non-coding RNAs (lncRNAs) are transcribed RNA molecules >200 nucleotides in length that do not encode proteins and serve as key regulators of diverse biological processes. Recently, thousands of long intergenic non-coding RNAs (lincRNAs), a type of lncRNAs, have been identified in mammalians using massive parallel large sequencing technologies. The availability of the genome sequence of sheep (Ovis aries) has allowed us genomic prediction of non-coding RNAs. This is the first study to identify lincRNAs using RNA-seq data of eight different tissues of sheep, including brain, heart, kidney, liver, lung, ovary, skin, and white adipose. A computational pipeline was employed to characterize 325 putative lincRNAs with high confidence from eight important tissues of sheep using different criteria such as GC content, exon number, gene length, co-expression analysis, stability, and tissue-specific scores. Sixty-four putative lincRNAs displayed tissues-specific expression. The highest number of tissues-specific lincRNAs was found in skin and brain. All novel lincRNAs that aligned to the human and mouse lincRNAs had conserved synteny. These closest protein-coding genes were enriched in 11 significant GO terms such as limb development, appendage development, striated muscle tissue development, and multicellular organismal development. The findings reported here have important implications for the study of sheep genome.
Introduction
Massive large cDNA sequencing technology or RNA-seq enables comprehensive identification, annotation, and quantification of transcriptome. Human genome-wide projects, such as ENCODE, GENCODE, and FANTOM, have clearly shown that a considerable fraction of genome are transcribed into non-coding RNAs (ncRNAs), the fraction is much higher than previously thought (Birney et al. 2007) . ncRNAs play a variety of important regulatory roles during diverse biological processes (Ulitsky and Bartel 2013) . In general, there are two ncRNA classes based on their transcript's length: (i) ncRNAs shorter than 200 nucleotides (nt) are usually recognized as small or short ncRNAs, including microRNAs (miRNAs), endogeneous small interfering RNAs (siRNAs), PIWI-interacting RNAs (piRNAs), ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), small nuclear RNAs (snRNAs), and small nucleolar RNAs (snoRNAs) (Ma et al. 2012; Skroblin and Mayr 2014) ; and (ii) ncRNAs longer than 200 nt, referring to mRNA-like long ncRNAs (lncRNAs) (Ulitsky and Bartel 2013) .
Since the first report of lncRNAs in human by Lukiw et al. (1992) , lncRNAs have been found as a main class of novel regulating transcripts and have been identified in various organisms, ranging from nematode to human (Derrien et al. 2012; Nam and Bartel 2012) . According to NONCODE v4.0 database (a database of literaturedocumented lncRNAs), to date, there are 93 135 and 67 628 lncRNA entries in human and mouse, respectively .
lncRNAs are transcribed by RNA polymerase II, so they share many features of mRNAs. However, this is not a fast rule and some lncRNAs are transcribed by RNA polymerase III. They can be capped, polyadenylated (or nonpolyadenylated), and spliced (or mono-exonic unspliced) (Skroblin and Mayr 2014; Ulitsky and Bartel 2013) . Compared to most mRNAs, lncRNAs have limited coding potential, indicating the lack of significant open reading frames (ORFs) for coding protein products. lncRNAs show a lower sequence conservation and mostly display a tendency to be expressed at low levels and in a specifictissue manner (often mistakenly considered as transcriptional noises). In addition, they are mostly localized in the nucleus and only a few lncRNAs can be detected in the cytoplasm (Skroblin and Mayr 2014) . Despite the fact that there is poor interspecies conservation and low expression of lncRNAs in different tissues, the tissue-specific nature of lncRNAs suggests that they have been involved in various biological processes (Derrien et al. 2012) . Recently, it has been found that several human lncRNAs interact with chromatin remodeling complexes; moreover, recent studies indicate important implications of lncRNAs in dosage compensation, gene imprinting, cell fate specification, cell cycle and apoptosis, RNA processing (transcription, splicing, and translation), protein localization, stem cell pluripotency and reprogramming, heat shock response, and development of different human diseases (Ma et al. 2013; Yan and Wang 2012) . For instance, KCNQ1OT1 and Air lncRNAs are required for silencing autosomal imprinted genes by recruiting chromatin modifying machinery (Korostowski et al. 2012) . In bovine, ectopic overexpression of a long intergenic ncRNA (lincRNA) suggested that this type of lncRNA may have a regulatory role in horn bud differentiation (Allais-Bonnet et al. 2013) .
There are different methods to categorize lncRNAs based on their various characteristics. On the basis of their genomic proximity to the nearest protein-coding genes, lncRNAs fall into four categories: (i) sense and antisense lncRNAs are locating on the same strand and on the opposite strand (antisense strand) of a nearest protein-coding genes, respectively; (ii) bidirectional lncRNAs that share promoters with protein-coding genes, though they are transcribed from the opposite direction; (iii) intronic lncRNAs, locating on the introns of proteincoding genes; and (iv) long intergenic non-coding RNAs which are not in the proximity of a protein-coding gene at all (Ma et al. 2013; Skroblin and Mayr 2014) . lincRNAs are more appropriate for experimental manipulation and computational analysis with no interference of annotated protein-coding regions than other lncRNAs (Cabili et al. 2011) . They also participate in many different biological processes from embryonic stem cell pluripotency to cell proliferation and cancer progression (Wang et al. 2014) . For instance, XIST, HOTAIR, and H19 are some of the best known lincRNAs (Allais-Bonnet et al. 2013) .
Recent studies have demonstrated that the number of lincRNAs is at least twice the number of protein-coding genes in mammalian genomes, most of which are still undiscovered. RNA-Seq is a widely used high-throughput technology to transcriptome profiling of rare transcripts and detecting novel RNAs, such as lncRNAs, with no need of gene annotations (Lv et al. 2013 ). This technology has been applied to identify thousands of lncRNAs in many species including human (Wang et al. 2014) , mouse (Luo et al. 2013) , cattle (Weikard et al. 2013) , chicken (Li et al. 2012) , Zebrafish (Kaushik et al. 2013) , maize (Li et al. 2014b) , and Caenorhabditis elegans (Nam and Bartel 2012) . Luo et al. (2013) predicted 3965 putative lincRNAs genes across multiple mouse tissues. By using a computational approach, Li et al. (2012) identified 281 new lincRNAs in chicken muscle. Weikard et al. (2013) predicted more than 4000 potential lncRNAs in bovine skin. More recently, Billerey et al. (2014) reported 584 different lincRNAs in bovine muscle. Recent studies revealed that there are still many novel lncRNAs to be discovered for the well-studied transcriptomes like human and mouse (Derrien et al. 2012; Luo et al. 2013) , then more efforts are necessarily needed to discover all other lncRNAs.
To the best of our knowledge, there is no available report on lincRNAs and their biological functions in sheep. Deciphering of lincRNAs and their expression profiles in different tissues of sheep would enable us to get a better understanding of the regulatory function and genome annotation of lincRNAs in sheep.
In this study, we used publicly available RNA-Seq data of eight different tissues of sheep for the identification and preliminary characterization of lincRNAs applying a computational pipeline. Later on, gene expression profiling was performed on identified lincRNAs in the tissues, so that the first repertoire of lincRNAs expressed in sheep was generated. The identified lincRNAs provide a basis for an expanded understanding of lincRNAs in farm animals, and a deeper functional annotation in sheep genome.
Material and methods

Datasets
All PolyA + RNA-seq data of sheep tissues were downloaded from the Gene Expression Omnibus (GEO) database (accession number GSE56643). Deposited non-strand specific RNA-seq data, from eight distinct sheep tissues, including brain, heart, kidney, liver, lung ovary, skin, and white adipose, had been generated by Illumina HiSeq 2000 platform. Sixteen million reads per sample, on average, were generated by each tissue, and the length of paired reads was 76 base pairs (bp). Skin tissue belonged to a Gansu alpine fine wool female sheep and the other seven tissues were obtained from the reference female Texel.
Pipeline for identifying lincRNAs
A computational pipeline was used to detect the putative lincRNAs of each tissue (Fig. 1) . The pipeline minimizes false positives and maximizes the prediction of true putative lincRNAs as follows.
RNA-Seq read mapping and transcriptome assembly
The Alignment and analysis were performed using the Tuxedo Suite, which contains Tophat, Cufflinks, Cuffcompare, and Cuffnorm programs. After discarding the low-quality reads (the quality values less than 20 and the reads less than 40 bp in length) and trimming the adaptor sequences, trimmed reads of each tissue were independently aligned with sheep reference genome (Ova ver. 3.1 from Ensembl database) (Jiang et al. 2014 ) using the spliced read aligner TopHat (ver. 2.0.13) (Kim et al. 2013) . By removing the reads mapped to the mitochondrial genome (ChrM), the transcriptome of each tissue was assembled separately using Cufflinks (ver. 2.2.1) in de novo mode, with the sheep Ensembl annotations (release 78). Subsequently, Cuffmerge program was used to merge transcriptome data from all the eight tissues to generate a reference transcriptome. Then, the lincRNAs detection pipeline was applied to filter the merged assembly.
The expression levels (FPKM, fragments per kilobase of transcript per million mapped reads) of all transcripts in the eight tissues were measured and normalized for tissue-specific expression using Cuffnorm program.
Classification of unknown transcripts
To obtain the putative novel non-coding transcripts and filtered out the known transcripts, the unique transcriptome dataset was compared with the Ensembl sheep genome annotation by using the Cuffcompare program. Consequently, the assemblies that matched annotations can be identified; moreover, the new transcripts can be clustered into different classes based on their locations relative to the known genes. One of which was "i" class contained transcripts locating within an intron of a known gene; the "o" class contained the transcripts having overlap between generic exonic and a known transcript; the "x" class contained transcripts that having overlap between exons and known transcripts; meanwhile, on the opposite strand; the "u" class contained intergenic transcripts. This study mainly focused on lincRNAs, avoiding the complications arising from other types of genes overlap. Therefore, from all classes of transcripts, "u" class code were screened for putative lincRNAs. This subset was defined as candidate lincRNAs and such transcripts can potentially include putative lincRNAs.
Evaluation of size and exon numbers
As previously stated, an arbitrarily selected cut-off of 200 nt is commonly used to distinguish lncRNAs from small ncRNAs. So, only candidate lincRNAs which are longer than or equal to 200 bp were retained. Also, to yield high-quality dataset of putative lincRNAs, single exon candidate lincRNAs were filtered out.
Comparative sequence analysis
To discard the protein coding sequences and ncRNAs (including rRNA, tRNA, snRNA, snoRNA, and miRNAs) from candidate lincRNAs sequences, which are not yet annotated in sheep genome, sequence homology searches on candidate lincRNAs sequences were performed using BLAST on several different publicly available databases. First, BLASTX search was performed using candidate lincRNA sequences as the query and the Uniref 90 database was set as target. Then, Rfam database (ver.12) was searched by BLASTN to remove ncRNAs, including rRNA, tRNA, snRNA, and snoRNA. Finally, the sequences with no hits at E-value 1e−5 were kept and searched against all the known metazoan precursors' miRNAs in miRBase database (ver. 21) using BLASTN. Subsequently, the transcripts candidate lincRNAs, which was blasted against only one of the three mentioned databases (E value 1e-5), were eliminated from candidate lincRNAs list and the remaining candidate lincRNAs were served as input for subsequent analysis.
Evaluation of coding potential
Protein-coding potential of candidate lincRNAs was analysed by integrating the results of three softwares, including CPC (coding potential calculator), CNCI (coding non-coding index), and PLEK (predictor of long noncoding RNAs and messenger RNAs based on an improved k-mer scheme) (Li et al. 2014a) . The overlap between the results, owing to different sensitivity and specificity of softwares, was small (Li et al. 2014a) . Therefore, all of the softwares were used to reduce false positive results and thereby more reliable putative lincRNAs were attained. CPC has been widely used to discover lncRNAs. CPC incorporates six biologically meaningful sequence features into a support vector machine to predict the proteincoding potential of transcripts; transcripts with a score of <-0.5 were considered as non-coding transcripts. CNCI is a robust signature software to find adjoining nucleotide triplets (ANT) to discriminate protein-coding from non-coding sequences with no need of known annotations. PLEK is a powerful alignment-free computational tool to distinguish lncRNAs from protein-coding transcripts (Li et al. 2014a ). To reduce false-positive results as well as extracting potential non-coding transcripts with a high reliability, only the candidate lincRNAs sequences, which were predicted as non-coding transcripts by three softwares, were considered for further analysis.
Evaluation of ORFs
As ncRNAs do not encode functional proteins (Lv et al. 2013) , candidate lincRNAs were screened for transcripts either lacking complete or short ORF with no homology to known proteins. Later on, transcripts with ORF longer than 300 nt were eliminated by using Getorf software in the EMBOSS package.
Evaluation of candidate lincRNAs distances with nearest protein-coding genes
In the last step, candidate lincRNAs, which were located in a distance lower than 1000 bp to a known protein-coding gene, were omitted. Finally, the remaining candidate lincRNAs were defined as putative lincRNAs.
Comparisons of GC content, exon number, expression level, and transcript and exon length
The putative lincRNAs were compared with 20 921 protein-coding genes which were extracted from the Ensembl gene annotation (sheep genome v3.1) in terms of GC content, exon number, and transcript and exon length. Moreover, the quantified expression levels (FPKM) of the putative lincRNAs, for all of the tissues, were compared with those of known protein-coding genes; 14 331 expressed protein-coding genes from Cufflinks results were extracted.
Tissue specificity score and co-expression analysis
To assess the tissue specificity of transcripts, "rsgcc" package of R software was used. This package calculates the tissue specificity score by using the formula 1-min (R(1), R(2), ..., R(i), ..., R(n)), where R(i) = M(i)/E(i), E(i) is the mean expression value of tissue i, and M(i) is the maximal expression value of other tissues. If the tissue specificity score is higher than TS threshold, the gene is considered as tissue specifically expressed. Here, the mean expression value was used and TS threshold was set to 0.75. In addition, the gene expression values were scaled across tissues. Using the FPKM levels, the Pearson correlation coefficient was calculated for each protein-encoding gene with each putative lincRNAs as the co-expression measurement, using CoExpress software. CoExpress can be applied to build pairwise gene co-expression matrices. The correlation coefficients were further validated by bootstrapping algorithm. For each lincRNA, protein coding genes with validated correlation coefficient ≥0.9 were taken as the pair with significant expression correlation.
Stability evaluation
The stability of putative lincRNAs and protein-coding genes was evaluated based on the minimum free energy of secondary structure and calculated by RNAfold software from the Vienna RNA package (Lorenz et al. 2011 ).
Homology search for putative lincRNAs
To identify the homologs of sheep putative lincRNAs in humans and mouse, putative lincRNAs were aligned with human and mouse lincRNAs, using BLASTN (E value 1e−5). The sequences of human (release 21) and mouse (release M4) lincRNAs were downloaded from GENCODE database.
Conservation analysis of putative lincRNAs
LiftOver software (a command-line executable software from UCSC database) was applied to compare the conservation properties of putative sheep lincRNAs with proteincoding genes. The liftOver utility translates genomic coordinates between different genomes. The exonic regions of lincRNAs and protein-coding genes were mapped to genomes of five different species (human, mouse, cow, pig, and horse), according to genome alignments. The genome assembly build versions used in the study were hg19 for human, Mm10 for mouse, BosTau8 for cow, EquCab2 for horse, and SusScr3 for pig. Liftover chains were extracted from UCSC nets generated from blastZ alignments. The minimum ratio of bases that must be remapped was set to 0.80 and 0.40. In other words, in case of genome alignments between any species and sheep sequences (lincRNAs or protein-coding genes), with covering >80% (or >40%) base pairs of sheep sequences, the aligned regions within the specified species were taken as sheep sequences orthologs. The conservation percentage of exonic regions of lincRNAs and protein-coding genes were compared in each different genome species.
Results
Mapping and transcriptome assembly
RNA-seq data of brain, heart, kidney, liver, lung, ovary, skin, and white adipose comprised a total of 126 224 726 raw paired-end reads with a length of 75 bp. Approximately, 105 million trimmed reads (91.09%) were successfully aligned to sheep genome (Table 1 ). The assembled transcripts of eight tissues got merged so that a unique dataset of 94 761 nonredundant transcript isoforms were obtained from 56 181 unique genes. Then, the unique dataset of transcripts were divided into different classes, based on their relative positions. Interestingly, about 28% (26 282 transcripts) of unique dataset were considered as unknown intergenic transcripts ("u" class) and used for further analysis.
Identification of putative lincRNAs
Putative lincRNAs were discriminated from other types of transcripts, like protein coding and small RNA transcripts, in seven steps. First, after discarding candidate lincRNAs based on a minimum length threshold of 200 nt and single exon transcripts, 2546 transcripts were acquired. Second, 1518 of candidate lincRNAs sharing significant homology with a protein-coding sequence were removed so that 1028 candidates passed filtering. Third, a set of 971 candidate lincRNAs, with no sequence similarity to known classes of ncRNAs, was retained. Fourth, by comparing miRNA sequences (miRBase) and candidate lincRNAs having significant homology (E value 1e−5), 959 candidate lincRNAs remained. Fifth, 147 of candidates were predicted to possess coding potential and 812 were assumed as non-coding lincRNAs (related to 715 genes) (Fig. 2) . Sixth, 436 candidate lincRNAs having uncertain coding potential with maximal ORF >300 nt were removed, as they could potentially encode one hundred or more amino acids producing potential small peptides. As a result, 376 candidate lincRNAs remained. Finally, any candidate lincRNAs having overlap <1000 bp with a protein-coding gene were removed. Approximately, 14% of the candidate lincRNAs (51) were found to be located within a 1000 nt distance to an annotated protein-coding gene (upstream or downstream). At last, a total of 325 candidate lincRNAs representing potential lincRNAs were identified as putative lincRNAs in sheep genome (Supplementary file 1 1 ) . Also, about 30% of putative lincRNAs (98) overlapped annotated protein-coding gene within a distance of 10 000 nt.
Characterization of putative lincRNAs
The chromosomal locations of putative lincRNAs are shown in Fig. 3 . The distribution of lincRNAs in sheep chromosomes is consistent with the chromosomal distribution of known lincRNAs in human, mouse (based on GENCODE database), and bovine genome (Billerey et al. 2014) . The GC content of protein-coding genes was significantly higher than predicted lincRNA (44.6% vs. 48.1%; Mann-Whitney test, P < 3.167e−09) (Fig. 4a) and is conserved in the lncRNA of plant (Zhang et al. 2014 ) and animal (Huang et al. 2012; Nam and Bartel 2012) . Such conservation may suggest its impact on their function. Previous reports in mammals have demonstrated that genes encoding lincRNAs are shorter in length, and have shorter transcripts as well as fewer exons than proteincoding genes (Billerey et al. 2014; Li et al. 2012; Weikard et al. 2013 ). The results showed that the average length of putative lincRNAs genes was 3.3-fold shorter than the average length of protein-coding genes (14 052.5 vs. 38 875.8 nt; Mann-Whitney test, P < 2.2e−16) (Fig. 4b) . In addition, the putative lincRNAs represent much shorter 1 Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/gen-2015-0141. Fig. 2 . Venn diagram showing the numbers of candidate long intergenic non-coding RNAs (lincRNAs) with coding potential detected by CNCI, PLEK, and CPC softwares. Of the total 959 candidate lincRNAs 6, 101, and 32 were uniquely detected as coding by CNCI, PLEK, and CPC, respectively. Only one candidate lincRNA was detected as coding by three softwares. [Colour online.]
Fig. 3. The chromosome locations of predicted long intergenic non-coding RNAs (lincRNAs). [Colour online.]
transcript in length, on average, than protein-coding transcripts (755.7 vs. 1943.3 nt; Mann-Whitney test, P < 2.2e−16) (Fig. 4c) . Also, about 19% of putative lincRNAs (62) were longer than 1000 nt. It has been reported that the longer human lincRNAs are associated with chromatinmodifying complexes regulating gene expression (Khalil et al. 2009 ). Moreover, the putative lincRNAs had fewer exons per transcript than protein-coding genes (2.4 vs. 9.7; Mann-Whitney test, P < 2.2e−16) (Fig. 4d) . Inconsistent with GENCODE v7 project (Derrien et al. 2012 ), most of the putative lincRNAs displayed a striking tendency to have only two exons (75% of putative lincRNAs have only two exons compared to 9% of protein-coding genes). Moreover, similar to human lincRNAs (Derrien et al. 2012) , the exon length of putative lincRNAs, on average, were longer than those of protein-coding transcripts (310.4 vs. 197.1 nt; Mann-Whitney test, P < 2.2e−16). The results are in full agreement with the findings in bovine (Billerey et al. 2014) , zebrafish (Pauli et al. 2012) , and human (Cabili et al. 2011) , providing evidences to confirm that the candidates are indeed lincRNAs.
Two hundred and sixty-one lincRNAs were expressed in more than one tissue (out of 325 putative lincRNAs). The other 64 novel lincRNAs displayed a specific expression in an individual tissue and were marked as tissuespecific lincRNAs (Supplementary file 2 1 ; Table 2 ). The maximum number of expressed lincRNAs was found in skin (209), followed by brain (208), kidney (189), ovary (188), lung (184), white adipose (179), liver (151), and heart (141). The results showed that the majority of the putative lincRNAs were expressed in more than one tissue. Also, the highest number of tissue-specific lincRNAs was found in skin (25) and brain (17).
The expression levels of putative lincRNAs and proteincoding genes in different tissues have been demonstrated in Fig. 5 . The maximal expression levels of protein-coding genes were higher than those of putative lincRNAs across the eight tissues. The mean expression level of lincRNAs was lower than that of mRNAs in all of tissues, except in heart and lung. In other words, there was a lincRNA with a high expression in heart and lung tissues. By removing such lincRNA from heart and lung, the mean expression of lincRNAs in both tissues became similar to other tissues (Fig. 5) . Notably, putative lincRNAs genes were expressed at a low level, as 77% have a maximum FPKM < 5 across all tissues on average (Supplementary file 3 1 ) . The expression level of putative lincRNAs was significantly lower than that of protein-coding genes (24.9 vs. 43.8, Mann-Whitney test, P < 2.776e−08), indicating a common feature in lincRNAs (Billerey et al. 2014; Birney et al. 2007; Li et al. 2012; Lv et al. 2013; Weikard et al. 2013) .
It was found that the tissue specificity scores of putative lincRNAs were significantly higher than those of protein-coding genes (0.70 vs. 0.53, Mann-Whitney test, P < 2.2e−16) (Fig. 6 ). In agreement with previous reports (Derrien et al. 2012; Guttman et al. 2009; Luo et al. 2013) , the findings showed that most of the lincRNAs (56%) were tissue-specific, compared to protein-coding genes (only 32%). To understand whether the low expression levels of lincRNAs are not the cause of these differences, the tissue specificity scores were calculated for putative lincRNAs and protein-coding genes with expression level of 5-20 FPKM. The results again confirmed previous findings that putative lincRNAs had significantly higher tissue specificity score than protein-coding genes (0.72 vs. 0.42, Mann-Whitney test, P < 3.661e−13). Furthermore, the findings suggest that lincRNAs expressions are under more specific regulation in sheep tissues.
Co-expression analysis showed that 510 pairs of novel lincRNA/protein-coding genes have highly correlated expressions. Two of which belonged to anti-correlated novel lincRNA/protein-coding gene. The gene expression of 125 different novel lincRNA (out of 510 pairs) and 80 different protein-coding genes were highly correlated. Some protein-coding genes were correlated with more than one novel lincRNA. About 2% of putative lincRNAs (8) showed correlations with more than 10 protein- coding genes (Supplementary file 4 1 ). Inconsistent with some previous studies (Billerey et al. 2014; Cabili et al. 2011; Pauli et al. 2012) , most of the putative lincRNAs and their overlapping protein-coding genes had a low coexpression correlation (<0.9), whereas only 124 putative lincRNAs showed a co-expression correlation more than 0.9.
There are different methods for predicting putative function of lincRNAs, but these methods are still in their infancy, and generally, lincRNAs have been annotated based on their proximity to protein-coding genes and their co-expressed protein-coding genes Ilott and Ponting 2013; Weikard et al. 2013) . Here, to determine the putative function of lincRNAs, two methods were used. First, for identifying the putative function of lincRNAs, based on their co-expressed proteincoding genes, study was focused on the lincRNAs which had more than 10 co-expressed protein-coding genes (8 lincRNAs) and assigned the corresponding GO terms of these protein-coding genes as the annotations of this lincRNA (using DAVID database). This analysis identified several significant GO terms, such as translational elongation, translation, cellular protein metabolic process, and gene expression for each lincRNA (Supplementary file 4 1 ). It has been revealed that lincRNAs have important roles in transcriptional regulation and translational control (Ma et al. 2013) . Second, the putative functions of lincRNAs based on their closest protein-coding genes were predicted. Among the putative lincRNAs, 140 (43%) were located within 25 kb and 185 (57%) were at least 25 kb from the nearest protein-coding genes. Then, GO analysis of the closest protein-coding genes (<25 kb) of putative lincRNAs were investigated to consider whether they are enriched in specific GO function terms (biological processes). Earlier studies have revealed that mammalian lincRNAs are preferentially located next to genes with developmental functions (Cabili et al. 2011; Guttman et al. 2009; Pauli et al. 2012) . Interestingly, inconsistent with these studies, our results showed that these closest protein-coding genes were enriched in 11 significant GO terms such as limb development, striated muscle tissue development, and multicellular organismal development. All enriched GO terms in biological processes are provided in Supplementary file 5 1 .
In this study, minimum free energy was considered as a measurement of stability. The results, in agreement with previous studies (Aiso et al. 2005; Wang et al. 2014) , showed that putative lincRNAs had significantly higher minimum free energy than protein-coding genes (-199.3 vs. -536.1, Mann-Whitney test, p < 2.2e−16) (Fig. 7) . Also, it has been reported that the length of RNA molecule affects the minimum free energy of secondary structure as the longer sequences are more stable, on average (Trotta 2014). As explained above, protein-coding genes were longer than putative lincRNAs and the putative lincRNAs had significantly lower stability than protein-coding genes (-200.3 vs. -400.1, Mann-Whitney test, P < 2.2e−16), demonstrating that the identified significant difference is not the result of the longer length of protein-coding genes compared to putative lincRNAs.
Although, lincRNAs have lower sequence conservation than protein-coding genes, recent studies showed that some of lincRNAs are evolutionarily conserved, indicating their essential functions (Ma et al. 2012; Qu and Adelson 2012) . Six (ϳ2%) putative lincRNAs had significant homology with human lincRNAs and the other 6 (ϳ2%) putative lincRNAs showed homology with mouse lincRNAs. Moreover, 759 (ϳ3%) human lincRNAs had significant homology with mouse lincRNAs, using the same method. Interestingly, all novel lincRNAs that showed alignment to the human and mouse lincRNAs had conserved synteny. For example, novel lincRNA CUFF.38336 was aligned to human lincRNA "AC005550.4" and mouse lincRNA "Gm29007". MEOX2 and ISPD are located in the vicinity of upstream and downstream of protein-coding genes of AC005550.4, respectively. ISPD and MEOX2 are also located in the vicinity of upstream and downstream of protein-coding genes of Gm29007, respectively. Interestingly, MEOX2 and ISPD are located in the vicinity of upstream and downstream of protein-coding genes of novel lincRNA CUFF.38336, respectively. These findings Fig. 7 . The comparison of minimum free energy between the putative long intergenic non-coding RNAs (lincRNAs) and protein-coding genes. [Colour online.] provided strong supports to confirm the results of this study that assert the putative lincRNAs could represent biologically relevant sequences (Supplementary file 6 1 ).
Previous reports indicated that, in spite of low sequence conservation of lincRNAs, they share conserved genomic locations or synteny (Tan et al. 2013; Ulitsky and Bartel 2013; Ulitsky et al. 2011) . Interestingly, our study identified 39 (12%) putative lincRNAs that shared the same upstream and downstream protein-coding genes with human lincRNAs; 35 of which were located on the same strand as one or both of their neighboring genes (Supplementary file 7 1 ) .
The results of conservation analysis showed that 0.69%, 0.27%, 0.96%, 0.75%, and 0.68% of exonic regions of putative lincRNAs and 0.94%, 0.88%, 0.97%, 0.93%, and 0.89% of exonic regions of protein-coding genes in sheep have orthologous regions, with 0.80 identity in human, mouse, cow, horse, and pig genomes, respectively. The same trend was obtained, with 0.40 identity, as 0.80%, 0.36%, 0.98%, 0.82%, and 0.76% of exonic regions of putative lincRNAs and 0.96%, 0.90%, 0.98%, 0.95%, and 0.92% of exonic regions of protein-coding genes in sheep have orthologous regions in human, mouse, cow, horse, and pig genomes, respectively. As expected, putative lincRNAs showed lower conservation percentage than protein-coding genes in comparison with all five species. These results were consistent with previous reports, suggesting that putative lincRNAs are less conserved than protein-coding genes (Li et al. 2012; Luo et al. 2013; Lv et al. 2013; Weikard et al. 2013) .
Discussion
To the best of our knowledge, there is no catalog of sheep lincRNAs available, although human, mouse, cattle, zebrafish, and some other animal catalogs are already accessible. For the first time, RNA-Seq data were used to identify the polyadenylated transcripts, followed by computational analysis to detect putative lincRNAs across eight tissues of diverse function in sheep. A total of 94 761 transcripts were reconstructed from data. In comparison with 27 099 sheep transcripts (based on ESEMBL gtf file for sheep), the number of identified transcripts, by assembled transcriptome, increased 3-fold (94 761) due to both novel isoforms of known genes as well as new genes. In total, 26 282 transcripts (out of 94 761) were predicted as unknown intergenic transcripts and analyzed to identify putative lincRNAs using computational methods. The data indicate that only small numbers of new transcripts can be annotated owing to the incomplete annotation of sheep genome. The present study is mainly focused on lincRNAs, because the lincRNAs have simpler surrounding transcript structure than other types of lncRNAs overlapping genic regions. Furthermore, multi-exon lincRNAs were considered to ensure annotations of high-confidence lincRNA candidates.
The identification and characterization of lincRNAs needs both experimental and computational analyses (Ilott and Ponting 2013; Li et al. 2012; Ulitsky and Bartel 2013) . Then, a highly stringent filtering pipeline was employed to minimize false positive and maximize the prediction of lincRNAs, aimed at removing transcripts with evidence for protein-coding potential. Several important criteria were applied to discriminate lincRNAs from other types of transcripts, including transcript length, exon number, homology with known genes (protein-coding or small ncRNAs), coding potential of trnscripts, ORF size, as well as proximity to known protein-coding genes.
We identified 325 putative lincRNAs with high confidence across eight important tissues of sheep. The RNAseq library sizes were not that large (16 million reads per tissue, in average); hence the identification of lincRNA with low expression may have been limited. In agreement with similar studies on different organisms, the identified putative lincRNAs represent lower GC content, fewer exon number, shorter gene and transcript length, longer exon length, lower expression, lower stability, more tissue-specific than protein-coding genes, and less conserved than protein-coding genes (Billerey et al. 2014; Wang et al. 2014) . Also, the numbers of putative lincRNAs in this study were in line with previous studies in cattle (Billerey et al. 2014) , chicken (Li et al. 2012) , and Zebrafish (Kaushik et al. 2013 ). The findings indicated that most of the identified putative lincRNAs in the present study are likely to be genuine candidates.
Our study showed that 64 putative lincRNAs display tissues-specific expression, suggesting specific biological function in each tissue type. The results also showed that the highest number of tissue-specific lincRNAs was in skin (25) and brain (17); an early study has been reported that a large fraction of human tissue-specific lincRNAs are expressed in brain tissue (Derrien et al. 2012; Lv et al. 2013; Ulitsky and Bartel 2013) . Most of the putative lincRNAs (261) showed expression in more than one tissue, suggesting that they may be important regulators of protein-coding genes required for maintenance of the corresponding tissues. Furthermore, calculating a tissue specificity score for each putative lincRNA showed that the expression pattern of sheep lincRNAs tends to be more tissue-specific than protein-coding genes, which fully confirmed previous studies (Derrien et al. 2012; Guttman et al. 2009; Luo et al. 2013; Marques and Ponting 2009) . The findings also showed that the expression of lincRNAs is substantially varied among different tissues, which suggests that the expression of lincRNAs is highly regulated (Cabili et al. 2011) .
It is well known that the secondary structure of protein-coding genes and lincRNAs is one of the important determinants of their stability (Aiso et al. 2005; Wang et al. 2014) . It has been demonstrated that there is more stability of protein-coding genes rather than lincRNAs (Seffens and Digby 1999; Wang et al. 2014 ). Our findings confirmed previous studies that protein-coding genes have more stable secondary structure than lincRNAs, according to comparing their minimum free energy. However, low stability does not mean lack of function (Clark et al. 2012) . The stability of each protein-coding gene is closely related to its physiological function. It has been revealed that RNAs (coding or non-coding genes) with high stability are involved in housekeeping functions, and RNAs with low stability have regulatory function (Clark et al. 2012) .
Previous studies have revealed that not only the genomic location of lincRNAs is not random, but also they tend to act in cis with neighboring protein-coding genes (Ponjavic et al. 2009; Sun et al. 2013) . Interestingly, in line with these studies, 39 putative lincRNAs were identified in the present study that shared the same syntenic region with human lincRNAs. Syntenically conserved transcripts across phylogenetically different mammalian species may have functional roles in these species (Khachane and Harrison 2010) . Therefore, these putative lincRNAs might have close functional relationships with overlapping proteincoding genes.
This study, for the first time, has generated a catalog of 325 sheep putative lincRNAs. The list of putative lincRNAs is available as a GTF file (Supplementary file 1 1 ) . In this study, a cutoff of 300 nt was set to discard transcripts with coding potential. However, there are some previously characterized lincRNAs in other species that possess potential for coding peptides >100 amino acids in length (e.g., XIST with 136 amino acids (Duret et al. 2006) and HOTAIR with 106 amino acids (Ranganna et al. 2013) ), but they do not function as proteins. Therefore, although the cutoff is more stringent filtering, it eliminates the lincRNAs having long putative ORF (>300 nt). It has been reported that some lncRNAs would be precursors of small ncRNAs (Harrow et al. 2012; Pauli et al. 2012) . Generating miRNAs through sequential cleavage of lncRNAs, or producing Piwi-interacting RNAs (piRNAs) by processing a single lncRNA transcript have been previously revealed (Ma et al. 2012) . Here, we identified 12 candidate lincRNAs having significant homology with miRNAs, all of which belonged to cattle, except one which belonged to human. However, there is not convincing evidence to classify these genes into precursor's lincRNAs for small ncRNAs or precursor's miRNAs. Therefore, to avoid false positive results, candidate lincRNAs with homology to small ncRNAs (Rfam and miRBase databases) were removed.
It is suggested that the predicted putative lincRNAs should be confirmed by experimental evidences. We also used PolyA + RNA-Seq data, which are selected for polyadenylated transcripts, and therefore some lincRNAs lacking polyadenylation might have been missed.
This study provides evidence for lincRNA content of eight different tissues in sheep, which is a starting point for understanding of their regulatory mechanism. The identification of the novel lincRNAs have greatly improved the genome annotation of sheep. Also, we believe that such putative lincRNA may help better understand the biological basis of regulatory interactions amongst mRNA, miRNA, and lncRNA (Le et al. 2015) . To the best of our knowledge, this is the first report on lincRNAs of sheep and would also encourage experimental analysis to elucidate the function and identification of more lincRNAs in sheep.
